Twenty years ago, it was widely believed that prokaryotes were too "simple" to have evolved circadian programs. Since that time, however, the cyanobacterial circadian system has progressed from a curiosity to a major model system for analyzing clock phenomena. In addition to globally regulating gene expression, cyanobacteria are one of the only systems in which the adaptive fitness of a circadian system has been rigorously evaluated. Moreover, cyanobacteria are the only clock system in which all essential proteins of the core oscillator have been crystallized and structurally determined, namely, the KaiA, KaiB, and KaiC proteins. A biochemical oscillator can be reconstituted in vitro with these three purified Kai proteins and displays the key properties of temperature-compensated rhythmicity. This result spectacularly demonstrates that a strictly posttranslational clock is sufficient to elaborate circadian phenomena and that a transcription-translation feedback loop is not obligatory. The conjunction of structural information on essential clock proteins with a defined system that reconstitutes circadian oscillations in vitro leads to a turning point whereby biophysical and biochemical approaches bring analyses of circadian clockwork to an unprecedented level of molecular detail.
INTRODUCTION
At the original Cold Spring Harbor Symposium on Biological Clocks (47 years ago), there was already an appreciation that microbial organisms were capable of circadian rhythmicity. That volume featured papers on circadian rhythms in the microbes Euglena (Bruce 1961) , Gonyaulax (Hastings 1961; Sweeney 1961; Sweeney and Hastings 1961) , and Paramecium (Ehret 1961) . Several of those papers have been influential for many years. For example, the paper by J.W. Hastings on biochemical aspects has been widely cited as evidence for the relative insensitivity of circadian oscillators to drugs/chemicals (Hastings 1961) . The paper by B.M. Sweeney on single Gonyaulax cells provided suggestive evidence that circadian rhythms might be a cellular phenomenon and not an emergent property of populations of cells (Sweeney 1961) . And the paper by Sweeney and Hastings on temperature compensation is still cited regularly for its suggestion that temperature compensation might be mechanistically accomplished by coupled biochemical reactions (Sweeney and Hastings 1961) . During the past 47 years, salient discoveries in circadian rhythmicity have used microbial organisms (Edmunds 1988; Johnson and Kondo 2001) . The two eukaryotic microbes that are most commonly studied today for circadian investigations are the fungus Neurospora crassa and the green alga Chlamydomonas reinhardtii, whose circadian properties were first reported in 1959 for Neurospora (Pittendrigh et al. 1959 ) and in 1970 for Chlamydomonas (Bruce 1970) . Undoubtedly, the reason that those two microbes have been selected for continued study is that both classical and molecular genetic approaches are possible.
Nevertheless, with the increasing ability in mammalian systems to apply techniques that were heretofore only possible in microbes, coupled with the increasing pressure from funding agencies to do "translational research" rather than basic research, the interest in nonmammalian models for the study of circadian rhythms has waned somewhat. This attitude might be particularly applied to the case of bacterial model systems-the subject of this paper-because the key clock genes that are involved in prokaryotic circadian rhythms (at least, in cyanobacteria; Ishiura et al. 1998) have no homologs in the genomes of mammals, insects, or fungi, nor do the clock genes in eukaryotes have obvious homologs in bacteria. Despite that perception, however, the bacterial circadian system has in the interval of 15 years blossomed from a curiosity to one of the most important model systems-one that has enabled insights and approaches that were technically impossible elsewhere. The goal of this chapter is to briefly describe the insights resulting from the study of bacterial (especially cyanobacterial) clocks, to demonstrate what those studies have uniquely told us, and to speculate upon the future of bacterial clock studies and what they might tell us about eukaryotic clocks.
THE DISCOVERY OF CIRCADIAN CLOCKS IN BACTERIA
Before 1986, it was generally thought that circadian rhythms were exclusively a eukaryotic phenomenon (Ehret 1961; Johnson et al. 1996) . A few reports that suggested that bacteria might have circadian clocks were not persuasive because the described rhythms were noisy and temperature compensation had not been demonstrated (Halberg and Conner 1961; Sturtevant 1973) . That prokaryotic cells were too "simple" to express circadian behavior became a dogma , despite the fact that there were few publications that directly tested the proposition (one exception was Taylor 1979 ). Some models relied on this dogma as an a priori assumption upon which eukaryotic intracellular organelles were conceived to be a necessary prerequisite for a circadian mechanism (Ehret and Trucco 1967; Schweiger and Schweiger 1977; Kippert 1986) . During 1985 During -1986 , three papers were published that began to depose the "no clocks in proks" dogma (Stal and Krumbein 1985; Grobbelaar et al. 1986; Mitsui et al. 1986 ). These various groups discovered that cyanobacteria which fix nitrogen (Oscillatoria sp. strain 23; Synechococcus spp. Miami BG 43511 and 43522; Synechococcus sp. RF-1) display daily rhythms of nitrogen fixation in LD (light/dark) and in LL (light/light). In particular, the group of Huang and coworkers was apparently the first to clearly recognize that cyanobacteria were exhibiting circadian rhythms and, in a series of publications beginning in 1986, demonstrated the salient characteristics of circadian rhythms in the unicellular freshwater cyanobacterium, Synechococcus sp. RF-1 (Grobbelaar et al. 1986; Huang and Grobbelaar 1995) .
A crucial characteristic that needed to be demonstrated for cyanobacteria before they could be accepted into the circadian fold was that of temperature compensation. This criterion was first satisfied by studies of two species of Synechococcus: the marine Synechococcus WH7803 and the freshwater Synechococcus RF-1. Sweeney and Borgese (1989) showed that WH7803 displays temperature-compensated rhythms of cell division, whereas Chen et al. (1991) found temperature-compensated rhythms of amino acid uptake in the freshwater cyanobacterium isolated from rice fields, Synechococcus RF-1. These findings along with those of others unseated the eukaryotic-centric dogma of chronobiology . Despite the fact that this dogma is a relic of the past, however, cyanobacteria remain the only prokaryotic system for which circadian organization is proven at this time (see below).
Our laboratory and those of our collaborators-Drs. Takao Kondo, Susan Golden, and Masahiro Ishiuraextended the studies on circadian programming to nonnitrogen-fixing cyanobacteria that were genetically malleable . Our first studies used a strain of Synechococcus elongatus PCC 7942 transformed with a luminescence reporter construct, which is the fusion of the psbAI promoter with a bacterial luciferase cassette (P psbAI ::luxAB; Kondo et al. 1993 ). This strain of cyanobacteria is notable because of the ease with which exogenous DNA can be transformed and homologously recombined into the chromosome (Andersson et al. 2000) . Because the circadian clock turns P psbAI on and off rhythmically, this first reporter strain of S. elongatus glowed rhythmically. This choice of strain and promoter was fortuituous. Subsequent experiments using other strains/species of cyanobacteria have found rhythms , but the reporters in those strains are not bright. And even in S. elongatus, other promoters do not show such a robust rhythm of luminescence (Liu et al. 1995) . The combination of the P psbAI ::luxAB reporter and the S. elongatus strain remains one of the most robustly rhythmic combinations in cyanobacteria, even after 15 years of intensive research. Dr. Kondo was able to exploit the bright and robust luminescence rhythm by designing clever apparatuses to monitor the rhythms. For liquid cultures, Dr. Kondo enlisted and modified the automated photomultiplier apparatus that was originally designed for endogenously bioluminescent algae (Kondo et al. 1993) . For monitoring colonies, Drs. Kondo and Ishiura discovered that the rhythms of single colonies could be tracked with a charge-coupled device (CCD) camera . Dr. Kondo used those observations to design an innovative turntable/CCD camera apparatus for mutant screening of single colonies, enabling the simultaneous screening of up to 12,000 colonies in a single experiment .
The coincidence of good fortune, clever ideas, and hard work has transformed the S. elongatus system into one of the best-characterized circadian clock systems, even though it is a relative newcomer to molecular clock analyses; only 20 years ago, no one believed that prokaryotes were capable of circadian rhythmicity . Therefore, the S. elongatus system has rapidly caught up with and in several areas has surpassed the eukaryotic systems, as described below.
CIRCADIAN ORCHESTRATION OF GLOBAL GENE EXPRESSION
With bacteria finally accepted as "members of the circadian club," an early question of interest was how pervasive was clock control of gene expression in the S. elongatus system. Was psbAI an isolated example of a gene that was regulated by the circadian mechanism or were more genes under its control in S. elongatus? In eukaryotes, the number of genes regulated by the circadian clock ranges between 5% and 15%, but eukaryotic genetic organization and regulation are very different from that of prokaryotes. For example, with the exception of a few genes on plasmids, all the genes of S. elongatus are arrayed upon a single circular chromosome. Might they be regulated coordinately?
This question was answered by a sensitive and comprehensive promoter-trap experiment (Liu et al. 1995) . A promoterless luciferase gene set was randomly inserted throughout the genome; whenever the luciferase gene set inserted into a genomic locus that was correctly positioned and oriented to a promoter, luciferase was expressed and the colonies glowed. The luminescent patterns of more than 800 independent colonies were analyzed. We were astonished to observe that all of the glowing colonies displayed circadian rhythms with the same period (Liu et al. 1995) . The pattern of the rhythmic expression differed among the promoters, both in terms of phasing and in waveform (Liu et al. 1996) . The promoter activity for a ribosomal RNA gene (rrnA) was likewise rhythmic (Liu et al. 1995) , as well as heterologous promoters, such as an Escherichia coli promoter (P conII ) that is transcribed rhythmically when inserted into the cyanobacterial chromosome (Katayama et al. 1999) . Apparently, the cyanobacterial clock globally controls gene expression, in this case, the activity of all promoters. This global expression is regulated by one of the key cyanobacterial clock proteins (KaiC; see below) (Nakahira et al. 2004) . It is possible that these patterns are mediated by daily changes in the topology of the single chromosome which modulate the activity of all promoters constant light would be slower than in a light/dark cycle because nitrogen fixation would be inhibited under these conditions, and therefore the growing cells might rapidly become starved for metabolically available nitrogen. The problem is that cyanobacteria grow perfectly well in constant light; in fact, they grow faster in constant light than in light/dark cycles, presumably because of the extra energy they derive from the additional photosynthesis. This result is inconsistent with the "temporal separation" hypothesis. This is an example of "adaptive storytelling" (Johnson 2005) . A more rigorous test was needed.
We therefore tested the adaptive significance of circadian programs in the S. elongatus by competing different strains against each other in different laboratory environments (Ouyang et al. 1998; Woelfle et al. 2004 ). For asexual microbes such as S. elongatus, differential growth of one strain under competition with other strains is a good measure of reproductive fitness. In pure culture, the strains grew at about the same rate in constant light and in light/dark cycles, so there did not appear to be a significant advantage or disadvantage in having different circadian periods when the strains were grown individually. The fitness test was to mix different strains together and to grow them in competition to determine if the composition of the population changes as a function of time. The laboratory environments were different kinds of light/dark (LD) cycles or constant light. The cultures were diluted at intervals to allow growth to continue.
In one series of experiments, wild-type cells were competed against an apparently arhythmic strain (CLAb). As shown in Figure 2B , the arhythmic strain was rapidly defeated by wild type in LD 12:12, but under competition in the chromosome (Mori and Johnson 2001a; Smith and Williams 2006; Woelfle and Johnson 2006) . If so, the cyanobacterial chromosome might be envisioned as an oscillating nucleoid, or "oscilloid" that regulates all promoters by torsion-sensitive transcription (Johnson 2004; Woelfle and Johnson 2006; M.A. Woelfle et al. 2007 ).
TWO TIMING CIRCUITS IN THE SAME CELL? CELL DIVISION VERSUS CIRCADIAN OSCILLATORS
There is a long history of study of the interplay between the cell division cycle and the circadian system in microbes (Edmunds 1988; Mori and Johnson 2000) ; this is a topic that vertebrate biologists appear to have recently "rediscovered" (Hunt and Sassone-Corsi 2007) . In microbes, the bottom line is that the circadian clockwork is independent of cell division timing (otherwise, how could the circadian clock keep accurate track of environmental time?) but that the circadian clock gates the timing of cell division by having a circadian checkpoint in the cell division cycle. This circadian checkpoint assures that cell division will occur at an optimal environmental phase.
The independence of the circadian system from cell division cycling is clear in S. elongatus. These bacteria express robust circadian rhythms of gene expression when dividing with doubling times much faster than once per 24 hours (at least down to doubling times of 6-12 hours; Mori et al. 1996 . They also express excellent rhythms when a key cell division cycle protein, FtsZ, is overexpressed: Division is inhibited but growth continues to produce long "spaghetti-like" cells ( Fig. 1 ) (Mori and Johnson 2001b) . Therefore, the circadian clock appears to ignore the status of the cell division cycle in cyanobacteria. However, the timing of cell division is not independent of the circadian clock; even when the cells are dividing rapidly, the circadian clock rhythmically slows the rate of cell division every night. Even in constant light, the rate of cell division is slowed in the early subjective night as though there is a circadian checkpoint that forbids division in the early night (Mori et al. 1996) . Apparently, the circadian clockwork is wellbuffered and stable against significant changes of the intracellular milieu so that it can accomplish its raison d'etre-keeping track of environmental phase and regulating cellular events to occur at the optimal time. Consequently, the circadian clockwork in S. elongatus gates cell division and gene expression, but its timing circuit is independent of the cell division cycle.
ADAPTIVE SIGNIFICANCE OF CIRCADIAN TIMING IN CYANOBACTERIA
The first studies of cyanobacterial clocks used diazotrophic strains that fix nitrogen at night and photosynthesize in the day (Grobbelaar et al. 1986; Mitsui et al. 1986 ). Because photosynthesis generates oxygen that inhibits the nitrogen-fixing enzyme nitrogenase, this day/night "temporal separation" seemed to be a clear case of the adaptiveness of circadian programming. This hypothesis would predict that cyanobacterial growth in in constant light, the arhythmic strain grew slightly better than wild type (Woelfle et al. 2004) . Therefore, the clock system does not appear to confer an intrinsic value for cyanobacteria under constant conditions. In another series of experiments, period mutants were used to answer the question: Does having a period that is similar to the period of the environmental cycle enhance fitness? The circadian phenotypes of the strains shown in Figure 2A had freerunning periods of about 22 hours (B22a) and 30 hours (A30a) (wild type has a period of about 25 hours under these conditions). When each of the strains was mixed with another strain and grown together in competition, a pattern emerged that depended on the frequency of the light/dark cycle and the circadian period. When grown on a 22-hour cycle (LD 11:11), the 22-hour-period mutant could overtake wild type in the mixed cultures (Fig. 2C) . On the other hand, in a 30-hour cycle (LD 15:15) , the 30-hour-period mutant could defeat wild type (Fig. 2C) . On a "normal" 24-hour cycle (LD 12:12), the wild-type strain could outcompete either mutant (Ouyang et al. 1998; Woelfle et al. 2004) . Note that over many cycles, each of these light/dark conditions have equal amounts of light and dark (which is important because photosynthetic cyanobacteria derive their energy from light); it is only the frequency of light versus dark that differs among the light/dark cycles.
These data clearly show that the strain whose period most closely matched that of the light/dark cycle eliminated the competitor. Because the mutant strains could defeat the wild-type strain in light/dark cycles in which the periods are similar to their endogenous periods, the differential effects that were observed are likely to result from the differences in the circadian clock. Our results show that an intact clock system whose free-running period is consonant with the environment significantly enhances fitness of cyanobacteria in rhythmic environments; however, this same clock system provides no adaptive advantage in constant environments and may even be slightly detrimental to this organism. We still do not know the mechanistic basis for these competitive effects in cyanobacteria, especially because pure cultures of each strain seem to have no decrement in growth. Does this mean that the basis of the competition results is in the interaction between strains in mixed cultures? Despite the fact that we do not know the mechanism by which one strain outcompetes another, however, our competition approach inspired similar studies with the plant Arabidopsis, where the competitive advantage under conditions of clock/environment consonance was attributed to differences in photosynthetic efficiency (Dodd et al. 2005) .
STRUCTURAL BIOLOGY OF CIRCADIAN CLOCK PROTEINS
A mutation/complementation analysis identified the three key clock genes in S. elongatus: kaiA, kaiB, and kaiC, which are clustered together on the chromosome (Ishiura et al. 1998) . As described below, the proteins encoded by these genes are necessary and sufficient for circadian rhythmicity (at least, for in vitro rhythmicity). The years 2004-2005 marked a dramatic turning point in the circadian clock field, with the nearly simultaneous reporting of the three-dimensinal structures of the KaiA, KaiB, and KaiC proteins-the first clock proteins from any system to have their full-length structures defined. Cyanobacteria remain the only clock system in which all essential proteins of the core oscillator have been crystallized and structurally determined. This event is important because structural information enables analyses at a truly molecular level; now, we can interpret the effect of mutations on the structure and function of the clock proteins. We can also make precise predictions about the ways in which clock proteins interact and influence each other's activity.
The structure of cyanobacterial KaiA was studied by several groups, and solved by solution nuclear magnetic resonance (NMR) ) and X-ray crystallography (Garces et al. 2004; Ye et al. 2004 ). The 2.0-Å crystal structure of KaiA from S. elongatus reveals that the protein is composed of two independently folded domains connected by a linker (Fig. 3) (Ye et al. 2004 ). The aminoterminal pseudoreceiver domain has a fold similar to that of bacterial response regulators (despite a lack of sequence similarity), whereas the carboxyl-terminal four-helix bundle domain is novel and forms the interface of the twofoldrelated homodimer. The crystal structure of cyanobacterial KaiB revealed an α-β meander motif (Garces et al. 2004; Hitomi et al. 2005) . The fold shows close resemblance to the α-β motif of thioredoxin. Although the folds of KaiA versus KaiB are clearly different, their size and some surface features of the physiologically relevant dimers are very similar. Notably, the functionally important residues Arg-69 of KaiA and Arg-23 of KaiB align well in space. The apparent structural similarities suggest that KaiA and KaiB may compete for a potential common binding site on KaiC (Garces et al. 2004; Hitomi et al. 2005) , and these similarities may explain KaiB's ability to antagonize the effects of KaiA upon KaiC phosphorylation.
My laboratory collaborated with our structural colleagues Drs. Martin Egli, Rekha Pattanayek, and Jimin Wang to determine the crystal structure of the core protein of the circadian clock system from S. elongatus, the KaiC homohexamer, at 2.8-Å resolution . The structure resembles a double doughnut with a central pore that is partially sealed at one end (Fig. 3) . This crystal structure revealed ATP-binding sites, intersubunit organization, a scaffold for Kai protein complex formation, the location of critical KaiC mutations, and evolutionary relationships to other proteins such as DnaB and RecA. The KaiCI and KaiCII domains of each subunit adopt similar conformations, but their ATP-binding pockets exhibit significant differences that are likely of functional importance. Previously identified mutations that affect rhythmicity and length of period map to the subunit interface and KaiA-binding regions. The most important binding site of KaiA to KaiC appears to be on the surface of the CII terminus and to 22-amino-acid "tentacles" that extend from CII Pattanayek et al. 2006 ). In addition to facilitating our understanding of KaiA-KaiC interaction, the KaiC structure also sheds light on the mechanism of rhythmic phosphorylation of KaiC by identifying T432, S431, and T426 in KaiCII as sites at which KaiC is phosphorylated ; an independent mass spectrometry approach also identified T432 and S431 but not T426 (Nishiwaki et al. 2004 ). The important role of these residues is confirmed by the loss of rhythmicity in T432A, S431A, and T426A single mutants (Nishiwaki et al. 2004; Xu et al. 2004 ).
THE CYANOBACTERIAL CLOCKWORK: A TRANSCRIPTIONAL-TRANSLATIONAL FEEDBACK LOOP? OR NOT?
posed for the circadian mechanism in various eukaryotic organisms (Dunlap 1999 ). This inference was based on the fact that the same kind of evidence used to support a TTFL oscillator in eukaryotes also held true for the cyanobacterial clock, namely: (1) rhythms of abundance for mRNAs and proteins encoded by "clock genes," (2) negative feedback of clock proteins on their gene's transcription, and (3) phase setting by overexpression of clock genes, and others. However, recent experiments have led to a major reevaluation of the roles of the TTFL versus a specifically posttranslational oscillator in the cyanobacterial system. The first indication that the cyanobacterial TTFL model was flawed was the demonstration that the promoters driving kaiABC gene expression could be replaced with nonspecific heterologous promoters without disturbing the circadian rhythm (Xu et al. 2003; Nakahira et al. 2004) . If the TTFL model were correct in its original formulation, the Kai proteins would be expected to feedback-inhibit their own transcription through direct or indirect interaction with their specific promoters. By that line of reasoning, if the kaiABC promoters were replaced with nonspecific heterologous promoters, the TTFL model would predict that the central feedback loop would be interrupted. But this did not happen in the cyanobacterial case (Xu et al. 2003; Nakahira et al. 2004 ).
Studies of cyanobacterial cells in dark/dark more directly attacked the TTFL model. Because S. elongatus is an obligate photoautotroph, transcription and translation are shut down in darkness, but Tomita et al. (2005) discovered that the rhythm of KaiC phosphorylation continues robustly in dark/dark. They also discovered that pharmacological inhibition of transcription or translation similarly had little effect upon the circadian rhythm of KaiC phosphorylation. Therefore, neither transcription nor translation was needed to accomplish the circadian rhythm of posttranslational modification of KaiC. The coup de grâce for the usual formulation of the TTFL model came with the stunning demonstration that the three Kai proteins could be combined in a test tube and the circadian rhythm of KaiC phosphorylation merrily churned along! This in vitro rhythm was even temperature-compensated, so the temperature-compensation mechanism was also encoded in the characteristics of the three Kai proteins and the nature of their interaction. Clearly, transcriptional and translational feedback is not necessary to build a circadian clockwork. Does this mean that transcriptional and translational feedback has no role in the larger circadian system in cyanobacteria? Not necessarily. It is still possible-even likely-that the rhythms of Kai protein abundance can feed into the posttranslational oscillator to promote robustness, and the posttranslational oscillator regulates the timing of transcription-translation to occur in the optimal phase so as to promote that robustness. If so, it may be that the posttranslational oscillator is embedded in a TTFL; the posttranslational oscillator is the process that most directly determines the dynamics of the circadian system, but the TTFL can affect the system by providing a secondary feedback loop. The elucidation of the relative contributions of the posttranslational KaiABC oscillator versus the TTFL circuit is therefore of key importance for future studies.
VISUALIZING THE TICKING OF THE CYANOBACTERIAL IN VITRO CLOCKWORK
The availability of an in vitro system for analyzing the molecular nature of a circadian clockwork permits biophysical, biochemical, and structural analyses that were previously impossible. Given that the rubicon of threedimensional structural knowledge had been crossed for the Kai proteins, we embraced these techniques and collaborated with Drs. Phoebe Stewart and Dewight Williams to use electron microscopy (EM) to analyze and quantify the time-dependent interaction among the three proteins (KaiA, KaiB, and KaiC) to elucidate the timing of the formation of complexes among the Kai proteins (Mori et al. 2007 ). We could visualize in the EM that KaiC existed in any of all possible combinations at the different phases of the in vitro oscillation, namely, free KaiC hexamers, KaiA•KaiC complexes, KaiB•KaiC complexes, and KaiA• KaiB•KaiC complexes, but the proportions of these complexes vary in a phase-dependent manner: Free KaiC hexamers predominate at all phases, about 10% of KaiC hexamers appear as KaiA•KaiC complexes at all phases, and KaiB•KaiC and KaiA•KaiB•KaiC complexes are clearly rhythmic with a peak in the KaiC dephosphorylation phase. These results were confirmed by two-dimensional native gel electrophoresis (Mori et al. 2007 ) and are consistent with the results obtained by the Kondo lab using other techniques (Kageyama et al. 2006 ). The Kondo lab had reported that KaiC hexamers appeared to be capable of exchanging monomers among the hexamers; therefore, we used the biophysical technique of fluorescence resonance energy transfer (FRET) to confirm that monomer exchange among KaiC hexamers occurs. Finally, we applied the first perturbation analyses of the in vitro oscillator by using temperature pulses to reset the phase of the KaiABC oscillator, thereby testing the resetting characteristics of this unique circadian oscillator (Mori et al. 2007 ). These structural, biochemical, and biophysical approaches have provided insights to a circadian clockwork at a level of molecular detail that was heretofore unthinkable (Kageyama et al. 2006 , Mori et al. 2007 ).
MODELING THE IN VITRO OSCILLATOR
I have always been an advocate of the potential benefits of modeling toward opening our eyes to features of circadian rhythmicity that are not otherwise obvious. For example, I firmly believe that limit-cycle modeling of phase resetting has been enlightening . Nonetheless, my laboratory has not contributed any mathematical model of circadian mechanisms because I felt that our knowledge of the "gears and cogs" of circadian oscillators was too rudimentary to provide the basis for a useful model of the circadian mechanism. Until now, that is! When the Kondo lab provided a circadian clockwork that depended only on three purified proteins in a test tube , I decided that the time had come for a predictive mathematical model that would be testable by biochemical, biophysical, and structural experiments. Therefore, the structural and biophysical data from our laboratory (Mori et al. 2007 ) and the biochemical data from the Kondo lab (Kageyama et al. 2006) were used by our physicist collaborator Dr. Mark Byrne to derive a dynamic model for the in vitro oscillator that accurately reproduced the rhythms of KaiABC complexes and of KaiC phosphorylation. Figure 4 depicts this model, which stochastically simulates the kinetics of KaiC hexamers and the degree of phosphorylation of each monomer in every hexamer. Starting from a hypophosphorylated state of KaiC (state α), rapid association and disassociation of KaiA facilitate phosphorylation until the KaiC hexamer is hyperphosphorylated (state β). KaiB is assumed to bind with hyperphosphorylated KaiC; KaiB association with KaiC induces a simultaneous conformational change to a new state (KaiC*, state χ). The KaiC* hexamer (state χ) dephosphorylates to a relatively hypophosphorylated status (state δ) and relaxes to the original conformation (state α). Simultaneous with the phosphorylation cycle of a hexamer is the possibility of the exchange of monomers between any two hexamers in any of the states. The rates of this exchange may differ depending on the conformational state of the KaiC hexamers, their degree of phosphorylation, and their association with KaiA or KaiB (Fig. 4) . We assume that KaiA stochastically binds and unbinds rapidly from KaiC hexamers and that KaiB associates/disassociates with the KaiC hexamer when the total degree of phosphorylation of the hexamer exceeds a threshold that places KaiC in state β (for a complete explanation of the model, see Mori et al. 2007 ).
Within a space of 2 months in early 2007, there were four publications (including ours) that independently derived a similar core KaiC model (Clodong et al. 2007; Mori et al. 2007; van Zon et al. 2007; Yoda et al. 2007 ). This does not mean that this core model is correct, but it does mean that the parameter space has been thoroughly explored and found to provide robust oscillations. An important difference among the models is the mechanism invoked to explain the excellent maintenance of highamplitude phosphorylation rhythms in vitro. This phenomenon is significant because it requires that the phosphorylation status of each individual KaiC hexamer be synchronized with that of other hexamers in the molecular population. If the hexamers are not synchronized, then the KaiC hexamers will independently free-run and will rapidly get out of phase with each other. In this case, each hexamer may be rhythmic, but the population of hexamers will become asynchronous. Therefore, a mechanism of maintaining synchrony is necessary to explain the sustained in vitro rhythms. In our model (Mori et al. 2007) and that of Yoda and coworkers (2007) , phase-dependent exchange of KaiC monomers provides a potential mechanism for synchronizing the number of phosphates on different hexamers of a given conformation. Therefore, oscillation in the phosphorylation of the population of hexamers proceeds in a regulated fashion. The models of Clodong et al. (2007) and van Zon et al. (2007) explain KaiC population synchrony by proposing differential Mori et al. 2007 [PLoS Biology].) interaction between KaiA and KaiC that depends on the phosphorylation status of each individual KaiC hexamer. We favor the monomer exchange explanation because it relies upon an experimentally observed phenomenon, whereas the KaiA-KaiC explanation is hypothetical, but these two models of KaiC synchronization are not mutually exclusive and both may be operating.
THE NEXT CHAPTER IN THE BOOK OF BACTERIAL CLOCK STUDIES
The future is always difficult to predict, but my opinion is that further study of cyanobacterial clock systems will continue to contribute in two major areas: mechanism and evolution/ecology. In the realm of evolution, many unanswered questions remain. The experiments using competition between different strains of S. elongatus clearly demonstrate the adaptive significance of having a circadian system (Ouyang et al. 1998; Woelfle et al. 2004 ), but the mechanistic basis of this strong fitness advantage remains murky. Clarification of the mechanism of this selection could identify the key selective forces involved in the early evolution of circadian clocks, especially because cyanobacteria are thought to be one of the earliest life forms to have evolved on earth (Johnson and Kyriacou 2005) . The kai genes that control circadian rhythmicity in S. elongatus are widely distributed among cyanobacterial species (Lorne et al. 2000) . Indeed, kaiB and kaiC homologs are found widely among other eubacteria and even in the archaea (kaiA is less common and is therefore thought to be of more recent evolutionary origin; Dvornyk and Knudsen 2005) . Do circadian clocks based on a Kai-type oscillator exist in other types of bacteria? It would be surprising if circadian oscillators do not exist in other bacteria. Cyanobacteria are absolutely dependent on the light/dark cycle for their energy (photosynthesis) and therefore it makes sense that a circadian system was a crucial adaptation; nevertheless, the daily cycle of light (including UV) and temperature must be of critical importance to other types of bacteria and therefore the occurence of kai homologs among other prokaryotes is probably a clue to the existence of bacterial clocks. In the case of Rhodobacter, there is already evidence for a circadian-like rhythm, but temperature compensation has not yet been demonstrated (Min et al. 2005) .
Is the kai-based oscillator a prokaryotic phenomenon without evolutionary links to the circadian systems in eukaryotes? When we first started our research on the cyanobacterial clock, we hoped that it would be a "Rosetta Stone" for plant clocks based on the assumption that an ancestral clock from a cyanobacterium might have been transferred or conserved during the endosymbiotic events of plant evolution (Johnson 1994) . Unfortunately, that hope was frustrated-we have not found kai homologs in chloroplast or nuclear genomes of plants (there does not even appear to be conservation of clock genes between eukaryotic algae such as Chlamydomonas and eukaryotic plants! [Mittag et al. 2005] ). Nevertheless, it remains possible that there is an evolutionary link between prokaryotic and eukaryotic clocks but that tremendous divergence in the sequences of the relevant clock genes has obscured these links so that the links are undetectable by comparisons within the current repertoire of known prokaryotic and eukaryotic genomes. Perhaps fundamental aspects of clock biochemistry have been conserved between prokaryotes and eukaryotes? It is an intriguing thought.
In the ecological dimension, not only did cyanobacteria transform the atmosphere of Earth from a reducing to an oxidizing environment, but cyanobacteria continue to be a major (probably predominant) contributor to global photosynthesis. Undoubtedly, knowing more about how cyanobacteria accomplish and regulate photosynthesis is important, especially in the face of the impending global warming threat.
In the realm of clock mechanism, the convergence of structural, biophysical, and biochemical studies enabled by the combination of an in vitro system and structural information on key clock proteins will certainly give us the clearest picture in the near future of how "the blind watchmaker" (aka evolution) constructed a circadian clockwork. These insights will be at the most basic molecular level, including visualizing circadian conformational changes of single molecules. In addition to the elucidation of the in vitro oscillator, we need to define the role of a TTFL in cyanobacteria. It is likely that the rhythms of KaiB and KaiC protein abundance (Xu et al. 2003) can feed into the posttranslational oscillator to promote robustness, and the elucidation of the relative contributions of the posttranslational KaiABC oscillator versus the TTFL circuit is of key importance for future studies. The implications of these connections extend beyond the cyanobacterial system. If it is true that the bacterial posttranslational oscillator is embedded within a TTFL and is the underlying determinant of the properties of this circadian system, this organization could also be true for eukaryotic systems. One consequence of the cyanobacterial studies might therefore be to spark a major reevaluation of the evidence supporting a TTFL in eukaryotes-perhaps a totally proteindriven clockwork underlies circadian rhythmicity in eukaryotes (including humans) as well.
Finally, the question of mechanism within the larger clock system of cyanobacteria implicates inputs and outputs. For input, light/dark signals (especially pulses of darkness) and temperature changes can entrain the cyanobacterial clock system. Recent evidence suggests that environment-stimulated alterations of the intracellular redox status may be involved in these input pathways (Ivleva et al. 2006) . A particular fascination of the cyanobacterial clock system is how the output rhythm of global gene expression is regulated. As mentioned above, these expression patterns may be mediated by daily changes in the topology of the chromosome such that the activity of all promoters are rhythmically modulated by torsion-sensitive transcription (Mori and Johnson 2001a; Johnson 2004; Smith and Williams 2006; Woelfle and Johnson 2006; Woelfle et al. 2007) . In contrast to the cyanobacterial clock, eukaryotic clock control of gene expression is usually described in terms of regulation by the rhythmic activity of specific transcription factors. However, recent evidence indicates that trans-criptional factors that regulate the mammalian clock have an essential histone acetyltransferase activity (Etchegaray et al. 2003; Doi et al. 2006) , suggesting that regulation of chromatin structure is an important mechanism for clock con-trol of transcription in eukaryotes. Thus, regulation of chromosome structure may be a conserved feature of circadian clocks in general and not a curiosity of the cyanobacterial circadian system.
CONCLUSIONS
The studies on the cyanobacterial clock system have been pioneering circadian research and continue to be so. First, we now know that eukaryotic organization is not a requirement for the evolution of a circadian system. Cyanobacterial studies provided the first rigorous evidence for the adaptive fitness of circadian programs. We know from cyanobacterial investigations that a strictly posttranslational network of protein interactions is sufficient to confer circadian periodicity and temperature compensation. However, this posttranslational clockwork operates within a larger TTFL network, and the elucidation of the interplay between the posttranslational oscillator and the TTFL may enlighten us regarding eukaryotic clock mechanisms. Cyanobacterial clock proteins are the only ones that have been successfully crystallized and are therefore the only circadian timekeeping proteins to expose their structural secrets. The combination of an in vitro system and structural information has led to a true watershed in the analyses of circadian mechanism, foretelling biophysical and biochemical approaches that will bring circadian analyses of a circadian clockwork to an unprecedented level of molecular detail. Finally, scrutinizing the intriguing orchestration of gene expression by the cyanobacterial clock is likely to lead to new insights into basic mechanisms of gene expression. Are cyanobacterial circadian clocks a mere curiosity? No longer!
